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We report on post-fabrication, in situ, laser induced reduction of graphene oxide (GO) field effect transistors. Our one-step method is efficient, fast, and elevates the conductivity of GO transistor channels by two orders of magnitude. Compared to other reduction techniques, it is facile and simple since it does not require any stringent experimental conditions. Most importantly, we show here that it can be applied for, in situ, post-fabrication reduction of GO devices without compromising any of its components. The physical properties of the laser-reduced graphene oxide were assessed by micro-Raman and X-ray photoelectron spectroscopy analysis and the electrical properties by electric field effect measurements. The application of this technique in other graphene-based optoelectronic devices, especially those fabricated on inexpensive and temperature sensitive flexible substrates such as plastic, is envisaged. The interest in graphene has been increasing exponentially since 2004 when Novoselov et al.
1 reported the isolation of individual flakes by mechanical exfoliation and opened the way for the study of its outstanding electrical, mechanical, thermal, and chemical properties. Unlike the early days, however, in recent years graphene research has also been focusing on potential technological applications in various fields of nanotechnology including, nanoelectronics, nanocomposites, electrode materials, and sensors. [2] [3] [4] [5] [6] Besides, this much attention has been paid on mass production of graphene layers for large scale optoelectronic applications and several methods had been reported for it, including mechanical 7 and chemical exfoliation 8, 9 as well as chemical vapor deposition. 10 A very promising and cost effective method is reduction of graphene oxide (GO).
11 GO can be easily produced by exfoliation of graphite oxide in aqueous solution to form sheets comprising single or few layers of carbon atoms decorated with oxygenated species. Among the unique advantages of graphene produced by GO layers, which are not provided by any other graphene production techniques, is that it is highly hydrophilic, thus it can form stable aqueous colloids which in turn can facilitate the assembly of macroscopic structures and large area devices using simple and inexpensive solution-based processing methods.
On the other hand, the product of the reduction process, commonly referred to as reduced graphene oxide (r-GO), is of moderate electrical performance when compared to graphene, mainly due to the presence of oxygen related defects in the graphene lattice induced during the exfoliation and reduction processes. Therefore, the principal aim of each reduction technique is to yield a material as close in structure and properties to graphene as possible. To this end, a number of methods for GO reduction 12, 13 have been demonstrated including, chemical, 14 thermal annealing (TA), 15 flash 16 and irradiation using continuous wave (CW), 17 and pulsed laser systems. 18 The efficiency of reduction strongly varies on the method and process parameters but residual oxygen groups and defects are commonly observed. Efficient chemical reduction tends to involve chemicals, which are invasive and limit the process to solution phase. 19 On the other hand, thermal reduction requires high temperatures (>1000 C) that set limitations in device fabrication processes and materials. Laser-induced reduction is a facile, chemical-free, room temperature process that exploits the photochemical reactivity of GO. 18 Since the process can be applied to GO thin films deposited on plastic substrates, the electrical properties of GO-based devices can be controllably altered in situ.
Here, we report on the development of a facile excimer laser-based reduction method for the in situ photoreduction of pre-fabricated GO electronic devices. As a proof of concept, we apply this technique for the enhancement of the transport properties of GO-based field effect transistors (FETs) fabricated onto Si substrates. An enhancement of the GO carrier mobility by more than two orders of magnitude was achieved within few tens of seconds of illumination at room temperature. It is postulated that the enhanced conductivity is due to a)
Authors to whom correspondence should be addressed. Electronic addresses: t.anthopoulos@ic.ac.uk and stratak@iesl.forth.gr. photothermal removal of contained oxygen species, as indicated by electrical transport, X-ray photoelectron spectroscopy (XPS), and Raman measurements. Importantly, the same irradiation conditions could, in principle, be used for the reduction of GO layers deposited on arbitrary substrate materials such as low-temperature plastics, without practically affecting the integrity of the substrate. Based on these measurements, it can be concluded that short-pulse laser illumination ensures reduction of GO layers in situ at low temperature hence rendering the method suitable for use with temperature sensitive substrates.
0003-
Bottom-gate, bottom contact transistors' structures were fabricated using heavily doped p-type Si wafers acting as a common back-gate electrode and a 200 nm thermally grown SiO 2 layer as the dielectric. Using conventional photolithography, the gold source-drain (S-D) electrodes were defined with channel lengths and widths in the range of 1-40 lm and 1-20 mm, respectively. A 10 nm layer of titanium was used as an adhesion layer for the gold on SiO 2 . The finished electrodes were 100 nm thick. The GO flakes were deposited by dipcoating at room-temperature directly onto 1.5 cm Â 1.5 cm size substrates containing few hundreds of pre-patterned S-D electrode pairs. The as-prepared devices were then used directly without any thermal pre-treatment. For the laser illumination experiments, a KrF excimer pulsed laser source emitting 20 ns pulses of 248 nm at 1 Hz repetition rate was used. For uniform exposure of the whole sample to laser radiation, a top-flat beam profile of 20 Â 10 mm 2 was obtained using a beam homogenizer. The transistors were then placed into a vacuum chamber maintained at 10 À2 mbar. To ensure that laser treatment is performed in an inert atmosphere, a constant He pressure of 100 Torr was maintained during the process through a precision micro-valve system. Different combinations of laser fluences (F) and number of pulses (N) were tested in an effort to optimize the laser-reduction process. In a typical experiment, the sample was irradiated with N ¼ 10, 20, 30, 40, 50, 60, 120, 600, and 1200 pulses, respectively, using a constant F. Following exposure to each of the above pulse series, the transistors' characteristics, as well as the micro-Raman spectra of the GO flakes, were recorded from the same area of the flake. Electrical characterization was performed in ambient conditions, using a Keithley 4200 semiconductor analyzer. Raman spectra were obtained using a micro-Raman spectrometer (NICOLET ALMEGA XR) with a 473 nm laser as the excitation source.
Initial experiments show that the threshold fluence for reduction, defined as the lowest F required to improve transistor's conductivity after single pulse exposure, lied in the range of 10-15 mJ/cm 2 depending on the device measured. Such F values were close to those predicted theoretically for the removal of oxygen groups from the GO lattice. 20 By carefully tuning the laser parameters, the degree of reduction of GO could be readily controlled. In particular, the conductivity of GO FETs can be increased by more than two orders of magnitude with a gradual increase of the laser energy. Figure 1(a) shows the current level (V DS ¼ 5 V) measured for a typical GO FET upon laser treatment with 600 pulses at different fluences. It is evident that the reduction efficiency is dependent on the laser energy used and a threshold fluence is required for the initiation of the process. When the incident F exceeds 80 mJ/cm 2 , degradation or even damage of the GO FETs was observed, possibly due to partial ablation of the GO layers.
Besides this, for constant incident F, the channel resistivity decreases upon increasing N until saturation is reached for high pulse numbers. It is evident that a more than three orders of magnitude decrease in channel resistance can be realized via proper selection of F and N. Figure 1(b) shows a representative series of output curves (V G ¼ À20-20 V) of a GO FET subjected to irradiation with different N at F ¼ 80 mJ/cm 2 . It can be seen that by increasing N, the conductivity of the GO channel progressively improves by more than three orders of magnitude. Notably, the channel conductivity appears to saturate after approximately 120 pulses, i.e., 2 min, most likely suggesting that the vast majority of oxygen groups have been removed from the GO lattice. The corresponding transfer characteristics of the pristine and laser-treated GO FET under positive gate bias are displayed in Figure 2(a) (left) . A clear ascending trend in channel current (I D ) suggests the efficiency of increasing exposure times of laser treatment. Figure 2(b) displays the impact of different laser pulse numbers on the device mobilities. It can be clearly seen that when increasing the laser pulses, the mobility has been significantly improved (from 6 Â 10 À4 cm 2 /Vs to $1 Â 10 À1 cm 2 /Vs). Furthermore, as presented in Figure 2 (a) (right), the laser reduction process was found to be more efficient compared to TA at 200 C in nitrogen. Indeed, the current levels and mobility obtained for a GO FET subjected to TA were lower by almost one order of magnitude than those measured on the same device subjected to laser reduction after the TA treatment. Overall, the mobility improvement attained by laser is comparable or even higher than the optimum ones reported using TA at 250 C (Ref. 21 ) and flash reduction methods, 16 respectively. The observed enhancement in the FET transport properties can be attributed to a significant reduction of GO lattice as evidenced by XPS measurements performed onto GO films deposited onto Si/SiO 2 , prior to the deposition of metallic electrodes, as well as similar layers prepared on Polyethylene terephthalate (PET) substrates. Figure 3 presents the corresponding spectra recorded from pristine and irradiated regions of GO films on PET, while similar results were observed in the case of GO films on Si/SiO 2 . It is clear that the carbon content bonded to oxygen is reduced from 61% in the initial GO to 16% in rGO indicating that the majority of oxygen groups were removed and effective reduction takes place. It is important to note that such reduction can be achieved without any apparent effect on the integrity of the plastic substrate.
Raman spectra recorded from pristine and irradiated regions of the GO FET of Figure 1 for the various N used are presented in Figure 4 . All spectra feature the characteristic broad peaks at 1354, 1597, and 2695 cm À1 , corresponding to D, G, and 2D bands of the graphene oxide lattice, respectively. As the pulse number increases, both D and G peaks get narrower (Figure 4(c) ), while their intensities become progressively lower. Besides this, no appreciable band shift is observed. The peak intensities lowering can be attributed either to oxidative burning, which removes layers from the GO sheet 17 and/or to the reduction of interlayer spacing due to removal of the water and oxygen functional groups among GO sheets. 22 Furthermore, G and D peaks narrowing suggest the re-establishment of sp 2 carbons as well as a decrease in the structural defects within the basal planes of the laser treated GO. 23, 24 The overall changes in the G and D bands indicate a transition from an amorphous state to a more crystalline carbon state. Finally, the D over G peak intensity ratio, I D /I G , presented in Figure 4 (b), gradually increases from 0.79 of the pristine GO to close to 1.0 in the first 120 pulses, where it tends to saturate. Such behavior complies with the saturation effect observed in the respective I-V characteristics. Such similarity in the evolution of I D /I G and mobility with N shown in Figures 4(b) and 2(b) provides important information on the GO lattice structure attained following at various levels of reduction. It had been found that an increase of I D /I G ratio indicates disordering of graphite but ordering of amorphous carbon structures. 25 In particular, in case of very disordered structures, such as amorphous carbon or low mobility GO, the D band intensity is related to the density of the six-membered aromatic rings. 26 Besides this, the G band stems from in-plane bond stretching of sp 2 carbon atoms and is not necessarily related to the presence of six-membered rings. Therefore, the I D /I G ratio should increase with increasing ordering. Based on 2013) the analysis of Lucchese et al., one can calculate, using the measured I D /I G values, the average distance between defects, L D , within the GO lattice. 27 The results are presented in Figure 4 (b) and predict an increase of L D from 10 nm to 11 nm after the first 120 pulses, where it saturates. This ordering effect together with the laser-induced desorption of oxygen groups contributed to the mobility rise in GO. Once the GO lattice becomes more ordered, following reduction with 120 pulses, both the I D /I G and the mobility tend to saturate suggesting a limit in GO lattice ordering and oxygen removal under the irradiation conditions used.
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The results presented above indicate that upon excitation with ns pulses, GO sheets absorbed the laser energy which was rapidly converted into heat and subsequent photothermal desorption of oxygen groups, mainly of hydroxyl and epoxides, takes place. 16 With the progression of laser exposure, thermal effects become more and more pronounced, 28 giving rise to photothermal breakage of carbon bonds, which reestablishes the lattice defects. TA is a commonly used method for GO reduction. It is reported that the exothermic reduction of GO occurs around 200-230 C, attributed to the decomposition of the oxygen-containing groups present in the GO lattice. On the other hand, oxidation and therefore sublimation of the carbon backbone are anticipated to occur above 500 C. 29, 30 Using a finite element method to solve a simple heat balance equation for similar laser pulse and fluence to those used here, it is demonstrated that the temperature on the surface can reach over 500 C for GO films thicker than six layers, while the temperature decreases rapidly along the depth. 17 Therefore, laser irradiation could partially ablate the topmost layers, as indicated by the lowering the Raman peaks intensities, while the lower layers were deoxygenated by photothermal reduction. As a result, the GO sheets left on the sample exhibit improved conductivity. Besides this, the prediction that the GO temperature can reach 500 C complies with the observation that the conductivity improvement due to laser photothermal effect is higher compared to that of TA at 200
C. Finally, it should be noted that the transistor characteristics obtained due to laser treatment remained stable even after TA in nitrogen for 1 h at 200 C. This indicates that the laser reduction process brought about permanent changes in the electronic behavior of the GO FETs.
Another reduction mechanism that may be considered here is the photochemical desorption of oxygen groups. It is proposed that photochemical reduction of GO can be facilitated by the presence of adsorbed water. 31 In particular, the energy from recombination of photoexcited carriers is used for water dissociation into molecular oxygen and hydrogen ions (protons). Protons are inherently strong reduction agents 
093115-4
Petridis et al. Appl. Phys. Lett. 102, 093115 (2013) giving rise to removal of oxygen functional groups from GO lattice to form r-GO. We can propose two possible ways of enhancing the photochemical at the expense of the photothermal reduction effect, both of which should affect the reduction efficiency. The first is to perform the irradiation in the presence of a reducing agent such as hydrogen, while the second is to apply ultrashort pulses of femtosecond (fs) duration. Indeed, non-thermal reduction through electronic excitation should be significant in the timescale of hundreds of fs, due to the absence of electron-phonon coupling during the pulse. Under such conditions, electrons are excited from bonding to antibonding states and facilitate photochemical oxygen removal. 20 Investigation of the dependence of laser reduction process on pulse duration may assist towards understanding the photothermal and photochemical contributions. For this purpose, laser reduction experiments comparing ns with fs pulses are currently in progress.
In summary, we have demonstrated post-fabrication in situ, fast and room temperature compatible photo-thermal reduction of graphene oxide transistor channels using nanosecond UV laser pulses. The low fluence and pulse numbers required render this in situ reduction method compatible with temperature sensitive inexpensive substrates such as plastic. This rather versatile and controllable method may one day be exploited for the post-processing of high-performance graphene electronics fabricated onto flexible and light-weight substrates. 
